Longitudinal strain development in Chain-die forming AHSS products: analytical modelling, finite element analysis and experimental verification by Sun, Yong et al.
Accepted Manuscript
Title: Longitudinal strain development in Chain-die forming
AHSS products: analytical modelling, finite element analysis
and experimental verification
Author: Yong Sun Yaguang Li William J.T. Daniel Paul A.
Meehan Zhaobing Liu Shichao Ding
PII: S0924-0136(16)30463-0
DOI: http://dx.doi.org/doi:10.1016/j.jmatprotec.2016.12.019
Reference: PROTEC 15061
To appear in: Journal of Materials Processing Technology
Received date: 11-5-2016
Revised date: 13-12-2016
Accepted date: 21-12-2016
Please cite this article as: Sun, Yong, Li, Yaguang, Daniel, William J.T.,
Meehan, Paul A., Liu, Zhaobing, Ding, Shichao, Longitudinal strain development
in Chain-die forming AHSS products: analytical modelling, finite element
analysis and experimental verification.Journal of Materials Processing Technology
http://dx.doi.org/10.1016/j.jmatprotec.2016.12.019
This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.
  1 
 
Longitudinal strain development in Chain-die forming AHSS products: 
analytical modelling, finite element analysis and experimental 
verification 
 
Yong Sun a,*, Yaguang Li b, William J.T. Daniel a, Paul A. Meehan a, Zhaobing Liu c and Shichao 
Ding a 
 
a School of Mechanical and Mining Engineering, The University of Queensland, St Lucia, Brisbane, QLD 4072, 
Australia 
b Institute of PFKBE, School of Mechanical Engineering, Shanghai JiaoTong University, China; 
c Ningbo SaiRolf Metal Forming Co., Ltd., Ningbo, China. 
 
*Corresponding author. Tel.: +61 452392013 
Email addresses: y.sun@uq.edu.au 
 
 
 
 
 
 
  2 
 
Abstract: 
 
Chain-die forming is a new sheet metal forming technology which has been developed as a 
supplement to roll forming in fabricating Advanced High-Strength Steel (AHSS) products. It 
has an advantage by reducing redundant plastic deformation during the forming process. The 
implementation is achieved through increasing the deformation length, via increasing the 
virtual roll radii. The rolls with large radii are assemblies of shaped die-blocks through chains 
and therefore it is called “Chain-die Forming”. In this paper, a simplified analytical model, 
purely based on the geometric relationships of forming parameters is established to estimate the 
longitudinal strain development in Chain-die forming. The analytical model is verified 
successfully by finite element analysis (FEA) and experimental work. The factors affecting the 
peak longitudinal strain are also investigated. The study is expected to be useful to tooling 
designers to quickly assess the severity of a Chain-die forming process in the tooling design 
stage in order to shorten the tooling development time.  
 
Keywords: Chain-die forming, Roll forming, AHSS, Longitudinal strain development, 
Analytical modelling, Finite element analysis, Experimental verification 
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1. Introduction 
 
Advanced High-Strength Steel (AHSS), especially the dual phase steel, is more and more 
readily being employed by automakers for structural parts of a motor vehicle due to its 
advantages for weight reduction and safety improvement. AHSS has the required high strength 
but the elongation is not generous enough. These characteristics bring more challenges in 
fabricating AHSS products.  A comprehensive review of AHSS research is provided by Rizzo 
et al. (2010). 
    
Roll forming is a widely accepted fabrication method for massive production of sheet metal 
products. As introduced by Paralikas et al. (2009), it can be understood as a continuous bending 
operation which the metal strips are gradually formed through consecutive sets of rolls into 
various profiles.  A schematic diagram of a typical roll forming process was presented by Hobbs 
et.al (1979), as shown in Figure 1. Suzuki et al. (1972) proposed a tri-axial surface deformation 
model to describe the roll forming process. The deformation model includes longitudinal 
stretching and bending and other undesirable redundant strain components. The advantages of 
roll forming, such as high efficiency and low cost, make it suitable for the manufacturing of 
automotive structural and crash components. Nevertheless, as the elongation of AHSS reduces 
with the increase of the material strength, a fracture often occurs during the process, as 
summarized by Rizzo et al. (2010). Moreover, as the magnitude of springback correlates with 
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the elastic modulus and the hardening behavior of a material, the severity of springback of 
AHSS is even more significant than that of mild steel. Davis et al. (1988) concluded that due 
to unpredictable redundant deformation in the roll forming process, occasionally some typical 
product defects occur, such as bowing, twisting, corner buckling and so on. These issues greatly 
limit the applications of roll formed AHSS products.  
 
Chain-die forming, as a novel sheet metal forming method, is therefore proposed by Ding et al. 
(2008) to break the bottleneck of fabricating AHSS products. It has potential to be a more 
economical and energy-saving method compared to conventional roll forming, due to its 
technical characteristics of both bending and stamping. As Ding et al. (2008) and Zhang et al. 
(2014) introduced, the principle of Chain-die forming is to prolong effective forming distance 
by extending the virtual roll radii. To be more specific, a Chain-die former is structured as 
follows: it has a pair of track boards which have very large radii (R> 00m) with specially 
designed chain joints moving on it, and also forming dies are assembled on the chains, as shown 
in Figure 2 (a). The virtual rolls are implemented by a series of discrete forming dies running 
on the track boards. In practical operation, the metal strip is fed into the forming space at the 
entrance. The friction between the forming tools and workpiece will drive the workpiece to 
move forward. The gap between the opposite die blocks is gradually reduced with the 
synchronous motions of the forming dies. Consequently, the workpiece in the deformation 
space is gradually formed to the designed profile through a much longer deformation length 
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than in roll forming, as shown in Figure 2 (b). It should be pointed out that in roll forming, the 
deformation area includes the contact and non-contact zones, and the length of the contact zone 
is generally very limited, as shown in Figure 2 (c). Increasing the roll radii can increase the 
deformation area, via increasing the contact zone and decreasing the non-contact zone. As 
Chain-die forming employs very large radii virtual rolls, the deformation area is nearly equal 
to the contact zone.  Hence, in contrast with roll forming, the workpiece is always contacted 
and fully restricted by the forming dies. As a consequence, there is a significant increase of the 
forming length in a Chain-die forming process. The increase of deformation length shown as in 
Figure 2 (c) results in the reduction of the peak longitudinal strain and the residual longitudinal 
strain. That is, the large roll radii can significantly reduce or even eliminate the redundant plastic 
deformation occuring in roll forming. The typical defects of roll formed products can therefore 
theoretically be avoided, thus improving the quality of products. 
（Note:  𝑅 are the radii of the top and bottom rolls of Chain-die forming and 𝑅′ is the radius of a roll of 
conventional roll forming.） 
Zhang et al. (2012) performed a series of experiments of Chain-die forming U-profile AHSS 
channels with pre-made holes. They proved that the technology has the advantage of conserving 
the material’s ductility. It means that Chain-die forming can be used to fabricate AHSS products, 
even though some of them have poor ductility, as there is almost no redundant plastic 
deformation in the non-deformed areas. Similar conclusions are also made by Ding et al. (2008) 
and Zhang et al. (2010). 
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Farzin et al. (2002) pointed out that the longitudinal strain is caused by the stretched 
longitudinal fibers in a flange in a metal forming process. When the peak longitudinal strain is 
larger than the elastic limit of strain of the material to be formed, plastic deformation occurs 
and if the stresses/strains are unbalanced after unloading, then product defects are induced. The 
longitudinal strain development in a forming process is one of the most crucial indicators that 
can be used to estimate the severity of a fabrication process. Thus, it is always emphasized in 
relevant studies. For example, Bui et al. (2008) evaluated the influences of the yield limit and 
the work-hardening of material on the longitudinal strain development in roll forming a U-
profile channel. Paralikas et al. (2009) employed finite element analysis (FEA) to investigate 
how the main forming parameters, including rolls diameter, rolls gap, etc., affect the 
longitudinal strain development in roll forming a V-section AHSS sample.  
 
Liu et al. (2015) mentioned that analytical modelling of a roll forming process is an important 
approach to judge the severity of a roll forming process. It does not involve capital expenditure, 
and its applications are much wider compared with experimental work and numerical analysis. 
By using a minimum energy method, Bhattacharyya et al. (1984) derived an expression for the 
deformation length in a roll forming process. This proved for the first time the existence of 
deformation length and its independence to span space. By consideration of minimizing plastic 
work, Chiang (1984) established an expression for estimating the peak longitudinal strain. 
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Nevertheless, the further application of their works is limited by the undefined parameters in 
the equations. Taking the material property of the workpiece into account, Zhu (1990) presented 
an analytical model for estimating the deformation length by assuming a rigid-perfectly plastic 
material behavior of the workpiece. Panton et al. (1994) analyzed the geometric restrictions 
imposed only by the bottom roll. They also derived an analytical expression which can be used 
to predict the strain development for the fundamental deformation types. A shape function was 
introduced by Kiuchi et al. (1995) to describe the deformed surface which determines the 
pattern of the spatial locus, or the flow line, in roll forming tube sections. The main drawback 
of the approach proposed is that the method assumed the deformed surface follows specific 
functions in each direction. Lindgren (2007) established a modification of Bhattacharyya’s 
deformation length model using experimental and numerical methodologies. In order to analyze 
the bend angle distribution and longitudinal strain development in a roll forming process, Liu 
et al. (2015) developed a new analytical expression on the basis of the geometric contact 
boundary conditions of the forming dies and the metal strip. Their research indicates that the 
longitudinal strain development is related to the geometric parameters of the forming tools and 
the transverse section of the workpiece. Abeyrathna et al. (2016) employed an analytical 
method to describe the axial extension and curvature in the flange. Their analytical models are 
solely geometric while being adequate to optimize any flower pattern and to enable the 
evolution of a flower pattern rapidly and simply. They proved that the longitudinal edge strain 
is greatly influenced by the forming angle, the flange length and the inter-station distance. They 
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also determined that the flower pattern giving the shortest distance in the plane development 
will lead to the lowest value of the longitudinal edge strain in the flange. Some classic analytical 
models for predicting the longitudinal strain in roll forming process have been summarized in 
Table 1. From the summarized analytical models, it is concluded that most of the expressions 
of the longitudinal strain development are established purely on the basis of the geometric 
contact relationships between forming tools and deformable strip.  
 
As a U-profile channel is a special product that enables maximum internal residual stress release 
after fabrication, it is therefore recognized as an extremely difficult profile to form without extra 
correction operations. This study firstly proposes a simplified geometric analytical model for 
determining the longitudinal strain developments in Chain-die forming U-profile AHSS 
channels. Similar to the previous analytical modelling approaches (see examples Bhattacharyya 
et al. (1984), Chiang (1984) and Panton et al. (1994)), the model is purely based on the 
geometric boundary conditions of the workpiece and the forming tools. FEA and experimental 
work are then employed to examine the validity of the analytical expression. Furthermore, the 
influential parameters which affect the peak longitudinal strain are analyzed and discussed. 
Finally, some critical conclusions for future tooling development are summarized. 
 
2. Simplified analytical model of the geometric contact conditions  
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The relationships between the geometric parameters and process parameters are analyzed firslty 
in this section. Subsequently, the analytical models for determining the longitudinal membrane 
strain and overall longitudinal strain are then presented. 
 
2.1 Relationships between roll radii, forming length and vertical stroke 
 
Figure 0 shows the Chain-die forming a U-profile channel through one forming pass. The 
tooling includes a series of top and bottom dies. The shapes of the forming tools are similar to 
a pair of forming dies used for bending from the section view along the forming direction. 
Zhang et al. (2014) explained that the differences are: a) the dies are assemblies of small 
identical blocks; and b) the bend corner of the bottom die is large enough to allow the flanges 
to be gradually bent up to a channel through the whole forming length. A Chain-die forming 
process starts at the first contact position between forming tools and deformable strip, as shown 
in Figure 0, to fully complete the forming through the effective forming length set by the 
geometry of contact. In the analysis, a few assumptions inherited from the bend angle approach 
used by Panton et al. (1994) to analyze a roll forming problem need to be restated: 
1) The plane perpendicular to forming direction remains in the same plane. That means all 
materials in the perpendicular plane will not move out of the plane during forming; 
2) The flange and web remain straight during the forming process. The deformation is only 
occurring at the hinges between the flanges and the web; 
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3) The thickness remains unchanged during the forming process and the middle plane of 
the sample is assumed to be the neutral plane of the workpiece. 
 
Therefore, the relationships between the virtual roll radii, forming length and vertical stroke 
can be illustrated as shown in Figure 4. 
 
 
Based on the geometric relationships of Figure 4, the dimension ℎ1 and 𝑠 can be geometrically 
expressed as Equation (1) and Equation (2), 
                                             ℎ1 =   𝑅(1 − cos α) −
𝑡
2
 = 𝑅(1 − cos α) − 𝑡0         (1) 
                                                                      𝑠 = 2ℎ + 2ℎ1 + 𝑡                                           (2)        
where α is the instantaneous forming angle in one arbitrary position, 𝑃 is the contact point 
between the workpiece and the forming tools in one arbitrary position, ℎ1 is the instantaneous 
vertical height between the point 𝑃 to the corresponding contact line in one arbitrary position, 
 ℎ is the vertical height between the point 𝑃 to the highest contact point 𝑃1,  𝑡0 is half of the 
strip thickness and 𝑠 is the stroke of the forming tools. 
 
Since the virtual roll radii 𝑅 is much larger than the forming length 𝑙 and 𝛼 is a very small angle. 
Therefore, 𝛼 can be expressed as Equation (3), 
                                                         α ≈ sin α =
𝑙
𝑅
                                                       (3) 
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According to Taylor’s series, and eliminating the high order terms, Equation (4) is derived as: 
                                                        cos α ≈ 1 −
α2
2
                                                      (4) 
Substitute Equation (3) and Equation (4) into Equation (1) and (2), ℎ1 and  ℎ can be simplified 
as Equation (5) and Equation (6), 
                                                                       ℎ1 =
𝑙2
2𝑅
− 𝑡0                                                      (5)            
                                            ℎ =
𝑠
2
− ℎ1 − 𝑡0 =   
𝑠
2
−
𝑙2
2𝑅
                                           (6) 
Similar to stamping a U-profile channel, the shape of the bottom die is normally designed with 
a curve with a constant corner radius to allow the flanges to be gradually bent up to the channel 
through the whole forming length. From the cross section profile of a constant radius trajectory 
die, as shown in Figure 5, the geometric relationships between the bend angle 𝛽 and another 
parameter 𝛾 within the deformation zone, are derived as Equation (7), (8) and (9), 
                                                               𝐻 = 𝑟 − 2ℎ                                                      (7) 
                                                            tan 𝛾 =
𝐻
𝑟 + 𝑡0
                                                   (8) 
                                                               𝛽 =
𝜋
2
− 2𝛾                                                      (9) 
where 𝐻 is the vertical distance from the neutral plane to the base of round corner of bottom 
die and 𝛾 is half of the angle between the nominal line of flange with the vertical line in one 
arbitrary position. Substituting Equation (7) into (8) and (9), the bend angle  𝛽 can be obtained 
as Equation (10).  It is notable that when 𝑟 = 𝑠 or the vertical part of the bottom die 𝑣  is 
negligible, 𝛽 can be expressed as Equation (11), 
                                 𝛽 =
𝜋
2
− 2𝛾 ≈
𝜋
2
− 2 tan−1(
𝑟𝑅 − 𝑠𝑅 + 𝑙2
𝑟𝑅 + 𝑡0𝑅
)                            (10) 
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                                                𝛽 ≈
𝜋
2
− 2 tan−1 (
𝑙2
𝑟𝑅 + 𝑡0𝑅
 )                                    (11) 
 
2.2 Longitudinal membrane strain component 
 
As the deformation length of Chain-die forming is sufficiently long and the longitudinal 
membrane strain is in the elastic regime, as proved by Zhang et al. (2014). The longitudinal 
membrane strain 𝜀𝑚 can be estimated from the simplest wire frame diagram as shown in Figure 
6 and expressed in Equation (12), 
 
𝜀𝑚 =
1
2
𝑙𝑛 [1 + 𝑓2 (
𝑑𝛽
𝑑𝑙
)
2
] ≈
1
2
𝑙𝑛 [1 +
16𝑓2𝑙2(𝑟 + 𝑡0)
2𝑅2
(𝑟2𝑅2 + 𝑡0
2𝑅2+2𝑟𝑡0𝑅2 + 𝑙4)2
]     (12) 
Similar as the analytical modelling presented by Bhattacharyya et al. (1984), i.e., if  1 ≫
𝑓2 (
𝑑𝛽
𝑑𝑙
)
2
, then Equation (12) can be simplified as, 
                                 𝜀𝑚 ≈
1
2
𝑓2 (
𝑑𝛽
𝑑𝑙
)
2
≈
8 [
𝑓𝑙
(𝑟 + 𝑡0)𝑅
]
2
[1 +
𝑙4
(𝑟 + 𝑡0)2𝑅2
]
2                                (13) 
The prediction model provides basic relationships between the process parameters and the 
longitudinal strain. Some critical relationships can be summarized: 
1) The longitudinal strain increases with the increase of flange height 𝑓; 
2) The virtual roll radii 𝑅 are critical to the longitudinal strain. The larger the virtual roll 
radii 𝑅, the smaller the longitudinal strain; 
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3) It should be mentioned that the stroke 𝑠 is a critical parameter in tooling design. A large 
stroke can provide a large bend radius and a longer forming distance which has the 
benefit of reducing the peak longitudinal strain.  
 
For a constant stoke, the forming length in Chain-die forming is fixed. This differs from the 
situation in roll forming where the minimum energy method needs to be used to find forming 
length (see examples Bhattacharyya et al. (1984), Chiang (1984) and Panton et al. (1994)). The 
Chain-die formed product is considered as “neat blank, neat product”, with nearly no redundant 
plastic deformation, as claimed by Zhang et al. (2014). The geometric parameter relationships 
of a Chain-die former in Figure 4 are therefore sufficient to be used to calculate the forming 
length in Chain-die forming. The maximum effective deformation length is expressed as 
Equation (14), 
                                                         𝑙 = √𝑅2 − (𝑅 −
𝑠
2
)
2
                                          (14) 
The position of the peak longitudinal membrane strain 𝑙𝑚𝑎𝑥, is expressed as Equation (15). It 
is noted that the position is independent of the flange height. The corresponding peak 
longitudinal membrane strain 𝜀𝑚𝑎𝑥 is worked out as Equation (16), 
                                                            𝑙𝑚𝑎𝑥 =
√(𝑟 + 𝑡0)𝑅
√3
4                                           (15) 
                                               𝜀𝑚𝑎𝑥 =
1
2
𝑙𝑛 [1 +
3√3
(𝑟 + 𝑡0)𝑅
𝑓2]                                  (16) 
Following the simplification of Equation (12), Equation (16) can be simplified as, 
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                                                          𝜀𝑚𝑎𝑥 =
3√3
2(𝑟 + 𝑡0)𝑅
𝑓2                                        (17) 
 
2.3 Longitudinal bending strain component  
 
The strain components of the top and bottom surfaces in the longitudinal direction caused by 
bending can be expressed as Equation (18), 
                                                             |𝜀𝑏| = |
∆𝜀
2
| =
𝑡
2𝑅𝑐
                                           (18) 
where  𝜀𝑏 is the longitudinal bending strain, ∆𝜀 is the difference between the top and bottom 
surface strain values and 𝑅𝑐 =
(1+𝑦′
2
)
3
2
𝑦′′
 is the curvature radius of a point’s locus {𝑥 = 𝑙; 𝑦 =
𝑓𝛽}. So the longitudinal strains 𝜀𝑠 on both surfaces of the strip can be expressed as: 
                                                                    𝜀𝑠 = 𝜀𝑚 ± 𝜀𝑏                                                  (19)    
 
3. Experimental verification  
 
The experiments facilities are introduced firstly and followed by the demonstration of the 
details of the experimental samples used. The procedures of the experimental work are then 
addressed in this section. 
 
3.1 Experimental facilities  
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The experiments were performed on a pilot Chain-die former in Ningbo SaiRolf Metal Forming 
Co., Ltd. in China. The pilot Chain-die former with the designed U-profile forming tools is 
shown in Figure 7 (a). The target shape is a right angle U-profile channel with a 40 mm wide 
channel (out-dimension) and an inner radius of 0mm at the bend, as seen in Figure 7 (b). In 
order to reduce the effects caused by unconsidered influential factors, all the experiments were 
carried out under the same forming conditions (same forming speed, same forming tools, etc.). 
 
3.2 Experimental samples 
 
The experimental samples used are dual phase AHSS sheets of DP980 with a thickness of 
1.2mm and a length of 000mm. The flanges of samples range from 6.5 mm to 15mm.  As 
released by Baosteel Co., Ltd. (2010), the true plastic stress-strain curve for DP980 steels with 
a thickness of 1.2mm is shown in Figure 8. The mechanical properties and geometric parameters 
of the experimental samples are shown in Table 2. It is worth noting that the elastic strain limit 
of the sample is about 0.06%.  
 
3.3 Experimental set-up 
 
The strain gauges used in this study are KFG-5-120-C1 from KYOWA. The grid of the strain 
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gauge is 5 mm × 1.4 mm (length × width) in size. They have the characteristics which can 
minimize the errors caused by strain gauges, such as the errors due to transverse sensitivity. The 
distance from the centre of the attached strain gauges to the middle flange edge of the workpiece 
is about 1.5 mm. The strain gauges are attached firmly on the top and bottom surfaces of the 
metal strips, as shown in Figure 9 (a). The longitudinal membrane strain is the mean value of 
the measured top and bottom longitudinal surface strains of the workpiece. The data acquisition 
system used for the measurements is the National Instruments NI cDAQ-9171, and the module 
used to complete the data acquisition system is a NI 9207 simultaneous bridge module. A 
sample identical to the experimental sample is adopted as the reference sample to complete a 
half bridge connection to reduce the temperature influence on the strain gauges in every 
experiment. As the pilot Chain-die former operates, the measuring devices start to record the 
data. A front panel can be observed from the NI data acquisition computer software (LabVIEW) 
and the relevant data is collected and recorded correspondingly, as seen in Figure 9 (b). 
 
4. Simulation verification 
 
The procedures of FEA modelling are firstly clarified. Subsequently, the material properties of 
the workpiece adopted are illustrated. The contact and friction properties between the forming 
tools and workpiece are then introduced. Finally, the simulation sequences are presented in this 
section. 
  17 
 
 
4.1 Simulation set-up 
 
The simulation verifications are carried out in ABAQUS/Standard. The specific python scripts 
are imported to ABAQUS/CAE to complete the finite element (FE) modelling processes. The 
whole forming process, including the procedures of forming deformation and springback are 
simulated using the implicit solution algorithm to improve the accuracy of results. The forming 
tools are defined as the rigid shell bodies and the workpiece is defined as a deformable body.  
Taking advantages of symmetry to improve the computing efficiency, only one half of the 
workpiece and rolls have been modelled. The forming tools are part of the rolls with 05 meter 
radii. The centre points of the rolls are assigned as the reference rotation points of the 
corresponding forming tools respectively. As the main plastic deformation occurs in the bend 
corners, the initial flat blank has been meshed using different mesh sizes. A very fine mesh has 
been adopted in the bend corners and flange edge portions and a coarse mesh has been applied 
in the web of the blank. The workpiece is meshed with 97500 eight node linear brick elements 
with reduced integration and hourglass control (C0D8R). There are 5 mesh layers (elements) 
along the thickness direction to guarantee a good convergence. To avoid penetration into the 
sheet, the mesh type of the forming tools is the four node 0D bilinear rigid quadrilateral element 
(R0D4). The details of a FE model and the mesh of the workpiece can be seen in Figure 10.   
 
  18 
 
4.2 Material properties of the workpiece 
  
The material used in the FE models is an elastic-plastic strain hardening material. The true 
plastic stress-strain curve of the sheet metal can be calculated and interpolated using the Swift’s 
isotropic strain hardening law, as shown in Equation (20). As isotropic hardening is applied in 
all simulations, Von Mises yield function is sufficient to describe the yield criteria of the 
material. 
                                                                         𝜎𝑒 = 𝐾 (𝜀𝑒 + 𝜀0)
𝑛                                                  (20) 
where 𝜎𝑒 is the equivalent stress, 𝜀𝑒 is the equivalent strain, 𝜀0 is the initial strain, 𝐾 is the 
strength coefficient and 𝑛 is the strain hardening exponent. Those values are given in Table 0. 
 
4. 3 Contact and friction properties between forming tools and workpiece 
 
The types of interaction are set as ‘surface-to-surface’ (implicit) contacts between the 
deformable surfaces (sheet metal) and the rigid surfaces (forming tools). The penalty method 
and the Coulomb friction model are applied to the contact constraints. The friction coefficient 
of the FE models is assumed as 0.1, as suggested by Paralikas et al. (2009). The details of the 
parameters of the FE models have been summarized in Table 0.  
 
4. 4 Simulation sequences 
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The whole simulation includes the loading and unloading processes. Specifically, the workpiece 
is firstly pulled into the Chain-die former followed by being gradually formed to a U-profile 
channel by the friction forces with the rotations of the forming tools, the same as the real 
forming process. The accumulated stress-strain of the workpiece starts to be released by 
springback while the forming tools move away from the workpiece. The workpiece with the 
last stress-strain state in the previous model is finally imported into a new simulation model 
with an implicit solution algorithm. The stress-strain of the workpiece is further released by 
springback until it reaches a steady state in the new FE model, as seen in Figure 11.  
5. Results and Discussions 
 
The results comparisons of the longitudinal strain development of Chain-die forming U-
channels are firstly presented. The details of the longitudinal membrane strain development are 
then addressed followed by the discussions of the overall longitudinal strain development. 
 
5.1 Results comparisons  
 
The schematic diagram of the Chain-die forming process is revealed in Figure 12 (a). The 
comparisons of the FEA results, theoretical predictions and experimental results of the 
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longitudinal strain development in Chain-die forming a U-profile AHSS channel ( 𝑡 = 1.2mm 
and 𝑓 = 15mm) are shown in Figure 12 (b).           
 
As shown in Figure 12(b), the three results match well in the strain development history, with 
the magnitude of the peak longitudinal strain and residual longitudinal strain having a slight 
offset. This indicates that the analytical model and the FE model well represent the real forming 
process and can be employed as the effective prediction tools in future studies. There are two 
reasons leading to the results of the strain-gauge measurements being lower than the flange 
edge strains which are obtained from the FE simulation and the analytical prediction:  
 
1) the location of the strain-gauge. As shown in Figure 9 (a), the centre of the attached 
strain gauges is about 1.5 mm away from the flange edge of the experimental samples; 
2) the size of strain gauge. The grid of the strain gauge is 5 mm ×1.4 mm (length × width) 
in size. 
 
Theoretically, the closer that the centre of the strain gauges is to the flange edge, the more 
accurately results can be achieved. However, in practice, it is nearly impossible to measure the 
longitudinal strain at the flange edge via strain gauge measurement. Hence, it is suggested that 
the centre of the attached strain gauge should be as close to the flange edge as possible. 
Moreover, the value difference between the analytical model and the FE model can be explained 
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by the neglect of some material properties of the workpiece. The forming distance from the first 
contact position between the forming tools and the workpiece to the centerline of the rolls is 
about 740mm which indicates the whole forming angle  𝛼′  is nearly 1.2°. The whole 
longitudinal strain development can be divided to four regions and the details of the process are 
stated as follows: 
1) AB: The workpiece is gradually pressed into the forming space by the forming tools 
from the initial engaged position. While the strip is moving forwards, the workpiece is 
bent from the head and the strain increases from 0 to the peak value when the middle of 
workpiece has gone into the deformation area. From the experimental and simulation 
results, the forming distance from point A to B is about 200 mm. According to Equation 
(14), as the measuring point is the middle point of the flange, the peak longitudinal 
membrane strain occurs at about 000mm from the start point of the forming process, 
which is slightly later than the experimental and FEA results. The position is around 25% 
of the total forming distance which also agrees with a previous experimental study 
carried out by Sun et al. (2016). The comparisons of the three results of the positions of 
the peak longitudinal strain are shown in Figure 10. This shows that with a constant 
bend corner radius, roll radii and strip thickness, the position of the peak longitudinal 
strain is independent of the flange height;  
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2) BC: As the measurement point approaches the centreline of the virtual rolls (point C), 
about 740mm from the initial position of the workpiece, the strain decreases to 0 at point 
C. As Chain-die forming can be considered as a folding or a gradual and continuous 
stamping process. The decrease of the longitudinal strain is caused by the variation of 
the amount of material to be formed along the forming direction. Specifically, from 
Equation (12), the amount of the membrane edge strain depends on the rate of change 
of the bending angle 𝛽 with position 𝑙 in the forming direction. As well, the bending 
part of the edge strain depends on 𝛽 via the radius of curvature introduced into the 
flange (Equation (16)), but this is a secondary effect discussed later.  The variation of 
bending angle results in the strain gauge at the middle point of the flange at point B. 
Consequently, it experiencing a peak strain at about 25% of the total forming distance 
to it being fully clamped at point C, when the whole flange is now uniformly bent and 
hence no edge strain is present. The FEA results have negative values when the point 
reaches the centerline of the virtual rolls, but the other results stay positive. That can be 
explained by the differences in the contact regions of the forming tools. To be more 
specific, the real forming tools are a set of discrete forming die blocks rather than a 
theoretical rigid surface shell. A theoretical rigid surface shell causes regions of firmer 
contact between forming tools and the deformable workpiece than those are achieved 
with the discrete forming die blocks. Hence the measuring point of the workpiece is 
slightly over compressed resulting in a negative longitudinal strain; 
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3) CD: There are some rapid variations between points C and D due to the workpiece 
starting to release from the forming tools after the middle point of the workpiece moves 
over the centerline of virtual rolls. However the longitudinal strain in this region is of 
less concern as the value is much smaller than the peak longitudinal strain. Hence the 
strain development in this region is not discussed in detail; 
4) DE: The stress-strain of the workpiece continues to be released by springback until it 
reaches a steady state. There are some residual strains left after the workpiece leaves the 
Chain-die former. These differ from the residual longitudinal strains of a roll formed 
product, which are mainly developed from the redundant plastic deformation on the 
flanges, as introduced by Panton et al. (1996). In Chain-die forming, the residual 
longitudinal strains are only caused by the residual bending moment along the bends. 
To be more exact, as the length of the workpiece is much greater than its thickness, the 
stress-strain state of the workpiece can be considered as the plane-strain state. The 
stress-strain states of the outer surface and inner surface of a point on the bend are shown 
in Figure 14. Along the longitudinal direction, material in the outer surface is in tension 
(𝜎2 > 0 ) while material in the inner surface is in compression ( 𝜎2 < 0 ).  This is 
equivalent to a bending moment applied in the left sectional plane of the bend M𝐿 . 
Similarly, on the right side, M𝑅 is applied in the right sectional plane. The resultant 
moment is ∑ M in the vertical plane. After the formed U-profile channel leaves the 
Chain-die former, the unloading occurs, and the resultant moment ∑ M  disappears 
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gradually. It is equivalent to applying a reverse bending moment ∑ M to the formed 
channel. Hence, the channel shows a negative curvature which results in some residual 
strains along the flange edges. 
（Note: 𝜀1, 𝜎1 are the principal strain and stress along the transverse direction; 𝜀2, 𝜎2 are the principal strain 
and stress along the longitudinal direction; 𝜀3 , 𝜎3 are the principal strain and stress along the thickness 
direction） 
 
5.2 Overall longitudinal strain development  
 
Figure 15 (a) shows the longitudinal bending strain development on the top and bottom surfaces 
and Figure 15 (b) reveals the overall longitudinal strain of the sample with a flange height of 
15mm and a thickness of 1.2mm. According to Equations (12), (16) and (17), the longitudinal 
membrane strain and longitudinal bending strain are both dependent on the corresponding 
values of the bending angle 𝛽 with position 𝑙 in the forming direction. The geometry variation 
of the workpiece at point B, an inflection point, imposes a curvature (
1
𝑅𝑐
) on the flange which 
goes through zero and changes the sign of the bending strain component, at the same point 
where the membrane component peaks. This is responsible for the overall longitudinal strain of 
the top surface going from being the most stretched to the least stretched at point B. 
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Compared with the FEA and experimental results available in the literature (see examples in 
Chiang (1984), Zhu (1990), Panton et al. (1994), Paralikas et al. (2009) and Bui et al. (2008)), 
the bending phenomenon on the flange in Chain-die forming is much lighter and gentler than 
that in roll forming. Specifically, the corresponding bending strain is much smaller than that in 
roll forming. That is, the surface longitudinal strains superposing the membrane strain and 
bending strain on the flange in Chain-die forming are well below the corresponding material’s 
elastic limit.  
 
As addressed by Ding et al. (2011), the transitional surface of the workpiece in a roll forming 
process can be broken down to a few individual forming steps and the material is deformed 
discontinuously along the forming direction, as shown in Figure 16 (a). In each forming step,   
the flange part of the workpiece experiences stretching, compression, bending and reverse 
bending superposed together during the forming process. As a result, the actual equivalent 
plastic strain can surpass the effective plastic strain. It is therefore hard to predict and control 
the quality of a roll formed product due to its complicated longitudinal strain development. On 
the contrary in Chain-die forming, the workpiece is gradually deformed from flat to the final 
profile through a much longer forming distance without the forming passes associated with 
discrete deformation zones, as shown in Figure 16 (b). Ding et al. (2011) revealed that the strain 
paths of all the points in a cross section of the flange of an initial workpiece are similar from 
the initial engaged position to the exit end. The surface can be considered as an optimal surface 
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in terms of minimal axial strain. As the workpiece passes through the optimized surface in 
Chain-die forming, it is therefore possible to make a product with nearly no redundant plastic 
deformation in the non-deformed areas, giving a better quality product than in roll forming. 
This is consistent with the FEA result of the equivalent plastic strain (PEEQ) distribution of a 
Chain-die formed channel (𝑡 = 1.2mm and 𝑓 = 15mm) in Figure 17. As seen in Figure 17, the 
equivalent plastic strain is only found in the bend corners of the formed channel. It is noted that 
the bending strain components are much smaller than the peak longitudinal strain, therefore, 
they will not be discussed further in detail. 
 
 
 
6. Influential parameters affecting the longitudinal strain development 
 
One of the possible tasks in Chain-die forming is to control or even eliminate the redundant 
plastic deformation which directly relates to the product quality. It is therefore important to 
understand how these parameters affect the longitudinal strain development. According to 
Equation (12), there are four independent parameters which directly affect the longitudinal 
strain development: flange height, thickness, bend corner radius of bottom die and virtual roll 
radii. Trial parameters values are adopted on the basis of Equation (12) to demonstrate how the 
parameters affect the longitudinal strain development.  
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6.1 Flange height-𝒇 
 
The longitudinal strain developments of the samples with a flange height of 𝑓 = 6.5mm, 10 mm 
and 15mm are shown in Figure 18 respectively. The peak values are around 0.07%, 0.17% and 
0.36% respectively. It is observable that the peak longitudinal strain increases as the flange 
height increases. 
 
Based on the theoretical predictions, experimental work and FEA results, the flange heights 
versus the peak longitudinal strains are shown in Figure 19 and the peak longitudinal strain can 
be expressed as,    
                                                 𝜀𝑚𝑎𝑥 ≈
1
2
𝑙𝑛(1 + 3.23𝑒−5𝑓2)                                    (21) 
It is concluded that all the longitudinal strain developments shown in Figure 17 are in the elastic 
regime.  
 
It is worth noticing that the peak longitudinal strain may be beyond the elastic limit boundary 
with the increase of the flange height, which is  𝜀𝑚𝑎𝑥 > 𝜀𝑒 . However, in Chain-die forming, it 
is possible to control the peak longitudinal strain under the elastic strain limit in two ways:  
1) varying and/or re-combining the virtual radii of the Chain-die former. For example, 
using a flat track board (zero curvature) as the down-board to solve the problem of bow-
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up. This is equivalent to superposing a positive bending moment to the sample and 
results in a reduction in the peak longitudinal strain;  
2) achieving the final profile through more than one forming pass, via reducing the bend 
angle in every forming pass. Hence, the peak longitudinal strain can be controlled within 
an elastic boundary in each forming pass. It is therefore necessary to develop design 
rules for the control of the peak longitudinal strain in a future study. 
6.2 Thickness-𝒕 
 
The longitudinal strain developments of the samples with a thickness 𝑡 = 1.0 mm, 1.2 mm and 
1.4 mm are shown in Figure 20 respectively. Although it is found the peak longitudinal strain 
decreases as the strip thickness increases, the influence is very limited. It further indicates that 
the longitudinal bending components are very small in a Chain-die forming process. 
 
According to Equation (16), the thicknesses versus the peak longitudinal strains are shown in 
Figure 21 and the peak longitudinal strain can be expressed as: 
                                                           𝜀𝑚𝑎𝑥 ≈
1
2
ln [1 +
0.0334
(4 + 0.5𝑡)
]                          (22) 
 
6.3 Round corner radius of bottom die-𝒓 
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Figure 22 is plotted with the bend corner radius of the bottom die varying while the other 
parameters remain constant values. It should be pointed out that bend corner radius is not an 
independent parameter as an increase of the bottom die radius will lead to an increase of the 
effective forming length correspondingly. The peak longitudinal strain varies inversely with the 
bend corner radius of the bottom die. The increase of the round corner radius of the bottom die 
will move the position of the peak longitudinal strain further to the end of forming process, 
which agrees with Equation (15).  
  
Based on Equation (16) and plotting the round corner radii versus the peak longitudinal strains 
in Figure 20, their relationship can be expressed as: 
                                                     𝜀𝑚𝑎𝑥 ≈
1
2
ln [1 + 0.0334
1
(𝑟 + 0.6)
]                     (23) 
6.4 Roll radii-𝑹 
 
The relationships between the virtual roll radii with the longitudinal strain developments are 
indicated in Figure 24. The increase of the roll radii will result in an increase of the effective 
forming length. It is noted that the peak longitudinal strain decreases with the increase of the 
roll radii. Additionally, the increase of the roll radii will move the position of the peak 
longitudinal strain further to the end of forming process, which agrees with Equation (15). 
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From the results of the theoretical analysis and through plotting the roll radii versus the peak 
longitudinal strains in Figure 25, their relationship can be derived as Equation (24):      
                                                           𝜀𝑚𝑎𝑥 ≈
1
2
ln (1 + 254.2
1
𝑅
)                               (24) 
 
7. Conclusions and future work 
  
In order to shorten the tooling development time of Chain-die forming, a new simplified 
analytical model is established purely on the basis of the geometric boundary conditions of the 
workpiece and the forming tools. It is employed to predict and analyze the longitudinal strain 
developments in Chain-die forming U-profile AHSS channels. The analytical model is verified 
successfully by FEA and experimental work. The effects of flange height, thickness, corner 
radius of the bottom die and virtual roll radii on the peak longitudinal strain are analyzed by 
using the theoretical model. From the study, some conclusions are summarized as follows:  
1) The peak longitudinal strain has a positive relationship with the flange height. The 
position of the peak longitudinal strain appears to be independent of the flange height. 
The peak longitudinal strain occurs at a position of around 25% of the total effective 
forming length; 
2) The peak longitudinal strain varies inversely with the strip thickness, but the influence is 
very limited; 
3) The peak longitudinal strain increases with the decrease of the round corner radius of the 
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bottom die. The decrease of the round corner radius of the bottom die will move the 
position of the peak longitudinal strain further to the end of the forming process; 
4) The peak longitudinal strain varies inversely with the virtual roll radii. The larger the 
virtual roll radii, the longer the deformation length and the smaller the peak longitudinal 
strain. In addition, it will move the position of the peak longitudinal strain further to the 
end of the forming process; 
5) The longitudinal strain on the flange in Chain-die forming an AHSS product is well below 
the corresponding material’s elastic limit. This gives an opportunity to make a product 
with no redundant plastic deformation. While some residual strains are found, it is 
concluded that they were caused by the residual bending moment along the bends.  
 
Although the established analytical model gives a relatively reasonable and accurate predicted 
result of the longitudinal strain development in Chain-die forming AHSS products, the material 
properties of workpiece should be taken into account to further improve the accuracy of the 
prediction models. As well, use of a more precise constitutive model which can describe the 
practical mechanical behaviour of different materials adopted in Chain-die forming also needs 
to be further investigated. Finally, the design rules for controlling the peak longitudinal strain 
in Chain-die forming should also be addressed in a future study. 
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Figure 1.A typical roll forming process (Hobbs et.al (1979)) 
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(a) Schematic diagram of Chain-die former 
 
(b) Working principle of Chain-die forming 
 
(c) Comparisons of the deformation lengths of roll forming and Chain-die forming 
Figure 2.The principle of Chain-die forming 
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Figure 3. Chain-die forming a U-profile channel 
 
Figure 4. Forming parameters of Chain-die forming  
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Figure 5. The geometric relationships of the forming parameters in an arbitrary position 
 
Figure 6. The Pythagoras diagram to calculate the longitudinal strain 
  
(a) Pilot Chain-die former with the U-profile forming tooling 
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(b) Geometric parameters of the U-profile forming tooling（unit: mm） 
Figure 7. The pilot Chain-die former and the forming tooling 
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Figure 8. True plastic stress-strain curve for DP980 steels ( 𝑡 = 1.2mm) 
 
(a) Experimental samples with strain gauges 
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(b) Measuring equipment 
Figure 9. Experiments of measuring longitudinal strain 
  
  46 
 
  
Figure 10. The FE model of Chain-die forming a U-profile AHSS channel 
 
Figure 11. The simulation sequences: (a) the workpiece engaged with the tools; (b) forming the workpiece; 
(c) the tools move away from the workpiece; (d) the released stress-strain by springback 
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(a) Schematic diagram of the forming process 
 
(b) Comparisons of three longitudinal membrane strain developments 
Figure 12. Comparisons of different longitudinal membrane strain developments ( 𝑡 = 1.2mm and 𝑓 = 15mm)  
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Figure 13. Comparisons of the three results of the positions of the peak longitudinal strain 
 
Figure 14. Residual strains in Chain-die forming 
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(a) Longitudinal bending strain developments of top and bottom surfaces 
 
(b) Comparisons of three longitudinal membrane strain developments 
Figure 15. The overall longitudinal strain development ( 𝑡 = 1.2mm and 𝑓 = 15mm) 
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Figure 16. The comparison of the transitional surfaces of the workpiece: (a) in roll forming: (b) in Chain-die 
forming (Ding et al.  (2011)) 
 
Figure 17. Equivalent plastic strain (PEEQ) distribution of a Chain-die formed U-profile channel ( 𝑡 = 1.2mm 
and 𝑓 = 15mm) 
 
Figure 18. Variations of longitudinal strain development with flange heights ( 𝑟 = 4mm, 𝑡 = 1.2mm and 𝑅 = 
35000mm) 
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Figure 19. Flange heights versus peak longitudinal strains ( 𝑟 = 4mm, 𝑡 = 1.2mm and 𝑅 = 35000mm) 
 
Figure 20. Variations of longitudinal strain development with strip thicknesses ( 𝑟 = 4mm, 𝑓 = 15mm and 
𝑅 = 35000mm) 
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Figure 21. Strip thicknesses versus peak longitudinal strains ( 𝑟 = 4mm, 𝑓 = 15mm and 𝑅 = 35000mm) 
 
Figure 22. Variations of longitudinal strain with corner radii ( 𝑅 = 35000mm, 𝑓 = 15mm and 𝑡 = 1.2 mm) 
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Figure 23. Round corner radii versus peak longitudinal strains ( 𝑅 = 35000mm, 𝑓 = 15mm and 𝑡 = 1.2 mm) 
 
Figure 24. Variations of longitudinal strain with roll radii ( 𝑟 = 4mm, 𝑓 = 15mm and 𝑡 = 1.2 mm) 
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Figure 25. Roll radii versus peak longitudinal strains ( 𝑟 = 4mm, 𝑓 = 15mm and 𝑡 = 1.2 mm)  
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Table 1.   Summary of some classic prediction models for determining the longitudinal strain in roll forming 
process 
Model Deformation length  𝑙 Longitudinal strain development 𝜀 
Bhattacharyya’
s model 
𝑓√
8𝑓𝛽
3𝑡
 
1
2
𝑓2 (
𝑑𝛽
𝑑𝑙
)
2
 
Chiang’s model 𝑓√
8𝑓𝛽
3𝑡
 
9
32
(
𝑡2
𝑓6
) 𝑓2𝑙2 
Panton’s model 𝑓√
8𝑓𝛽
3𝑡
 
1
2
𝑓2 (
𝑑𝛽
𝑑𝑙
)
2
 
Zhu’s model √𝑓(𝑓 𝑡𝑎𝑛
2 𝛽 + 2𝑟 𝑡𝑎𝑛 𝛽)𝑓 1
2
𝑓2 (
𝑑𝛽
𝑑𝑙
)
2
 
Lindgren ’s 
model 
12
𝑓0.8𝛽0.41𝜎𝑠
0.07
𝑡0.25
 1
2
𝑓2 (
𝑑𝛽
𝑑𝑙
)
2
 
Liu’s model √
8𝑓3(𝛽𝑇 − 𝛽𝑛−1))
3𝑡
+ √
𝑓2
2
(2𝑐𝑜𝑠 𝛽𝑇 − 2 𝑐𝑜𝑠 𝛽𝑛) + 𝑓𝑅1(𝑠𝑖𝑛 𝛽𝑛 − 𝑠𝑖𝑛 𝛽𝑇) 
1
2
𝑓2 (
𝑑𝛽
𝑑𝑙
)
2
 
Abeyrathna’s 
model 
𝑓√
8𝑓𝛽
3𝑡
 
1
2
𝛽2 
（Note:  𝑙 is the deformation length, 𝜀 is the longitudinal strain, 𝛽 is the bend angle, 𝑓 is the flange 
height,  𝑡  is the strip thickness, 𝑑𝑙  is the small incremental deformation length, 𝑑𝛽  is the small 
incremental bend angle, 𝑟 is the bend corner radius of the bottom die, 𝛽𝑛 is the bend angle at the stand 
𝑛, 𝛽𝑇 is the bend angle of the first contact position between the workpiece and the rolls, and 𝜎𝑠 is the 
yield strength of material.）  
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Table 2. The details of the mechanical properties and geometric parameters of the experimental samples 
Parameters Value 
Young’s modulus - 𝐸 (GPa) 200 
Density - 𝜌 (ton/mm3) 7.8×10-6 
Nominal tensile strength - 𝜎∗ (MPa) 980 
Yield strength - 𝜎𝑠 (MPa) 642 
Poisson’s ratio - 𝑣 0.3 
Elastic strain limit - 𝜀e (%) 0.36 
Elongation (%) 12 
Flange height - 𝑓 (mm) 6.5/10/15 
Thickness - 𝑡 (mm) 1.2 
Blank length - 𝑙 (mm) 300 
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Table 3. The details of the parameters of the FE models 
Parameters Value 
Solution algorithm method Implicit 
Mesh type (dies) R3D4 
Mesh type (blank) C3D8R 
Mesh number (blank) 97500 
Yield strength (blank) - 𝜎𝑠 (MPa) 642 
Strength coefficient (blank) - 𝐾 (MPa) 1600 
Young’s modulus - 𝐸 (GPa) 200 
Poisson’s ratio (blank) - 𝑣 0.3 
Strain hardening exponent - 𝑛  0.128 
Initial strain (blank) - 𝜀o 0.0008 
Flange height (blank) - 𝑓 (mm) 6.5/10/15 
Thickness (blank) - 𝑡 (mm) 1.2 
Blank length (blank) - 𝑙 (mm) 300 
Roll radii (dies)- 𝑅 (mm) 35000 
 
 
